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grouted soil samples were cored for laboratory characterization. The non-intrusive and intrusive grout mapping showed preferential flow patterns, i.e., the grout tended to follow the path of least resistance.
Preliminary testing indicates that permeation grouting is a feasible method for emplacing a low permeability subsurface barrier in the semi-arid unconsolidated alluvial soils common to the Southwest. Despite the success of this project, difficulties in predicting grout flow in heterogeneous soils and non-intrusive methods for imaging grout location and continuity are issues that need more attention.
ii 
INTRODUCTION
The cleanup of hazardous waste sites is often difficult and sometimes impossible using established technologies, so the accelerated development of interim measures which mitigate contaminant propagation are greatly needed. Within the DOE Complex alone, there are countless sites that require corrective measures, yet proven, regulatory approved remedial techniques are not available. The primary problem associated with these numerous waste sites is the potential for groundwater contamination as mobile waste forms migrate from the original waste site. In the past, wastes were buried or dumped in unlined pits with the idea that the surrounding soil would act as a natural barrier between the waste and the groundwater. It is now known that some of these waste forms are breaking through to the groundwater. Today, additional precautions such as surface caps and subsurface barriers are an integral part of every waste disposal site design, but the question still remains: what can be done with existing waste sites? In response to this problem, the Mixed Waste Landfill Integrated Demonstration (MWLID) at Sandia National Laboratories (SNL) is currently developing mitigation measures that can be employed in three years or less.
The technical feasibility of emplacing a barrier beneath a waste site using directionally drilled boreholes and permeation grouting was investigated. The benefits of this emplacement system are:
1) directionally drilled boreholes provide access beneath a waste site without disturbing the waste; 2) interim containment of contaminants allows time for the development of remediation options; 3) in the interim, the volume of waste remains fixed; 4) barriers may enhance the effectiveness of in situ remediation actions; and 5) barrier systems may provide permanent waste containment
Statement of the Problem
The installation of vertical subsurface barriers is standard practice in civil and mining engineering, but methods for constructing horizontal barriers in situ have not yet been developed. In the past barriers have typically been constructed in a vertical orientation to eliminate or re-direct the flow of water around engineered structures, e.g., dams, underground excavations, and to improve the mechanical characteristics of soil or rock for the support of structures or slopes. Experience from the civil and mining industry suggests that subsurface barriers have potential applications in the environmental field. Despite the obvious technological similarities between the traditional and proposed applications, the transition requires 1 careful consideration of health and regulatory issues not seen in previous projects. For old waste sites, the problem is to place a containment basin without disrupting the waste.
Vertical barrier equipment and technologies must be adapted to emplace horizontal barriers capable of confining leaking waste sites. The primary weakness in all applications of barrier emplacement is the inability of grouting contractors to completely define the extent and nature of the injected materials, i.e., verification of where the barrier material actually went. Although there are not yet specific regulations defining design parameters and performance standards for subsurface barriers placed beneath existing waste sites, it is likely that the regulatory acceptance of any subsurface barrier will depend on the ability to verify the barrier continuity.
Approach
The approach of this research is to adapt methods proven for constructing vertical subsurface barriers to construction of horizontal subsurface barriers. A field scale demonstration of a subsurface barrier emplacement that embraces a true "SYSTEMS APPROACH" was chosen. A SYSTEMS APPROACH for emplacing a subsurface barrier requires integration of the following technologies:
1)subsurface access techniques, 2)barrier material emplacement technologies, 3)barrier materials, 4}barrier continuity verification techniques, and 5)post barrier emplacement monitoring.
The field demonstration was conducted in two phases. Phase I involved injecting two different ultrafine cementitious grouts in horizontal boreholes. Phase II consisted of injecting an inorganic and organic grout, respectively, in vertical boreholes.
Prior to any grouting activities, the site geology was characterized to a depth of 3 0 feet. The primary characteristic of interest was the variation of the soil particle size distribution with depth. The degree of grout permeation is a function of the grout viscosity, grout particle size, and the particle size distribution; which is directly correlated to the soil hydraulic conductivity of the soil to be grouted. The relationship between these parameters is essential in predicting grout flow characteristics, i.e., understanding the design requirements for a permeation grout barrier emplacement.
Nonintrusive Verification
Verification of the continuity, location and physical characteristics of a grout barrier is necessary to ensure barrier Both research projects evaluated the emplacement and performance characteristics of the grout materials for creating in situ low permeability barriers in soil samples from the field scale demonstration site at SNL. In addition, mechanical properties such as compressive and flexural strength, and the compatibility of the grout materials with potential hazardous waste materials were evaluated.
Data from these lab-scale tests was used to determine grout formulations for the field scale demonstration at SNL.
FIELD EXPERIMENTS

Site Geology
The Subsurface Barrier Emplacement Demonstration Site is located in the Southeast Corner of Technical Area III, Sandia National Laboratories, Albuquerque, New Mexico (Refer to Figure 1 ). The area typically has a dry, semi-arid climate.
The field test site is composed of alternating layers of unsaturated soils which were deposited during flooding episodes. Four vertical sample borings to a depth of 3 0 feet indicated that the soil consists primarily of unconsolidated, unsaturated, silty-sand, with intermittent cobble layers (Appendix A). 
Materials & Methods
Phase I
5 & S Harris and Associates directionally drilled two horizontal boreholes and installed tube-a'-manchette (sleeve) pipe (Figure 2 6 4) casing in the boreholes during drill string withdrawal. Denver Grouting Services, Inc. grouted the sleeve pipe annulus with a relatively weak neat cement/bentonite grout to eliminate preferential flow along the grout pipe annulus during actual grouting operations. Permeation grouting requires grouting the sleeve pipe annulus with a brittle grout material prior to injection with the selected grout(s). The purpose of the annulus grout is to eliminate flow paths along the annular space left between the drilled borehole and the inserted sleeve pipe. After the annulus grout cures the "real" grout is then injected at a pressure sufficient to fracture (perpendicular to the sleeve pipe direction) the relatively weak annulus grout; thereby, directing grout flow radially into the formation at that designated interval only. During actual grouting operations, the Denver Grouting Services, Inc. foreman indicated that the annulus grout may have settled at the low points causing discontinuities and thus partial ineffectiveness of the annular grout. The annulus grout was allowed to cure for 24 hours prior to commencement of actual grouting operations.
The tube-a'-manchette casing allows for selective grout injection at designated locations. A packer system located inside the tube-a'-manchette isolates the interval to be grouted. During actual grouting operations, grout is injected at a carefully monitored high pressure in order to fracture the brittle annulus grout. Once the annulus grout fractures (indicated by large pressure drop), the injection pressure is immediately lowered to ensure permeation and not hydrofracturing of•the formation.
Denver Grouting Services, Inc. injected the grout materials in one-foot stages using a tube-a-manchette with a double packer system ( Figure 3 ) . Completion of each stage was designated using the following pre-determined cutoff criteria: Prior to grout injection, the average particle size of each grout was measured using a Malvern Particle Size Analyzer, the average viscosities were measured using a Bohlin Visco 88 BV viscometry tester, and cylindrical grout samples were collected to determine ex-situ cured grout properties. Grout samples were cast in wax coated cardboard cylinders (75mm diameter, 150mm length).
The ex-situ cured grout samples were cured at room temperature for the first 24 hours, then in a water bath at room temperature for 28 days. The injected grout was also cured for 28 days in situ. The overburden was then excavated to expose the permeation grout lenses. Core samples were collected and sent along with the already cured ex-situ samples to BNL for mechanical property and permeability testing. The cored samples were also 75 mm in diameter, with varying lengths.
Verification
The ability to verify an emplaced barrier is essential for regulatory acceptance of any subsurface barriers. Consequently, this is an integral part of the subsurface barrier program.
Bolt Technology Corporation and SNL personnel conducted a barrier verification survey prior to and after grout injection for comparison. Crosswell seismic tomography, a nonintrusive geophysical technique for mapping the subsurface was used. Conceptually, cross hole seismic tomography identifies seismic wave velocity anomalies corresponding to the barrier material.
After grout injection the Phase I site was then excavated to expose the grout bodies. Actual observation provides a comparative check for the seismic tomography results.
Vertical observation wells (refer to Figures 2 & 4) were drilled to a depth of 52 feet for the purpose of crosswell seismic data acquisition. The holes were cased with 6" I.D. steel casing and grouted in place. Caution was taken during grouting of the casing to minimize invasion into the formation. During the test, seismic velocity tomograms were generated between two pairs of wells; the west pair (BH-7 and BH-2) and the east pair (BH-2 and BH-6) . The horizontal tube-a'-manchette pipes (boreholes 1 and 2) intersect the vertical planes between well pairs near the center point. Tomograms were generated before and after grout injection. Data acquisition parameters were identical for the before and after surveys; therefore, changes in measured seismic travel times between pre-and post-injection surveys are presumed to be the result of grout invasion in the vicinity of borehole 1 and 2 .
The seismic receivers used in the survey were ten hydrophones mounted in a neoprene cable. Hydrophones are omnidirectional piezoelectric sensors which record acoustic (pressure) waves in the borehole fluid. The receivers received signals at 0.5 meter vertical spacings along the entire well depth. The hydrophones are operated undamped inside the casing, allowing occasional wind and aircraft noise interference. The seismic source was a Bolt Technology Model DHS-5500 pneumatic acoustic repeater (PAR), or "airgun", which generated seismic energy by releasing pressurized nitrogen gas from a 5 in 3 chamber into the fluid filled borehole. The PAR was operated at 1500 psi at depths from 0 to 52 feet, at 1.0 foot intervals. Both the receiver and source wells were fluid filled throughout the experiment to ensure seismic coupling with the formation. All data was recorded using a Bison digital seismograph at a sample interval of 0.1 millisecond and written to a 9-track tape. A summary of methods and results of the geophysical survey are contained in
Crosswell Seismic Monitoring of a Permeation Grouting Experiment Geotechnical
Test Range -Sandia National Laboratories, New Mexico (Harding, R. S., Jr., Sandia National Laboratories, 1994) .
Phase II SHB Agra, Inc. drilled a series of single boreholes and installed tube-a'-manchette (sleeve) pipe casing in the boreholes during drill string withdrawal. Figure 2 shows a plan view of the test area including both grout injection and geophysical measurement boreholes; Figure 5 shows a typical cross section of the site. The grout injection boreholes were arranged in this pattern to allow connection of grout fronts in adjacent boreholes. Denver Grouting Services, Inc. grouted the sleeve pipe annulus with a relatively weak neat cement/bentonite grout to eliminate vertical preferential flow along the grout pipe annulus during actual grouting operations. The annulus grout was allowed to cure for Grout was injected in one-foot vertical stages using a double packer system located inside the sleeve pipe ( Figure 3 ). Again completion of each stage was designated using the following predetermined cutoff criteria:
1) maximum allowable injection pressure, or 2) maximum grout volume/stage, or 3) grout refusal.
Verification
Figures 2 and 5 show plan and profile views of the geophysical wells used during Phase II. Geophysical measurements were taken prior to, during and after grout injection. Variation in soil properties such as electrical conductivity, and the dielectric constant are used to map grout location. The geophysical methods employed during Phase II testing are listed in Table 2 .
After grout injection, boreholes were drilled to collect soil samples in the Phase II test area. The sample collection was intended to verify information obtained from the geophysical surveys. SHB Agra, Inc. and a Golder geologist drilled and collected the samples using a modified California drive sampler.
DISCUSSION OF RESULTS
As exemplified in Figures 6 and 8 , the literature suggests that permeation grouting with low viscosity grout is appropriate for gravels and sands, but only marginal for silts or clays. Figure  7 summarizes the range of results of particle size distribution analyses on test site soil samples. (Golder,1994) Direct comparison of Figures 6 and 7 indicates that the geologic conditions at the test site are marginal for permeation grouting; however, the soil logs (Appendix A) indicate the presence of higher permeability zones at approximately 8 to 10 ft., and 16 to 17 ft. These layers contain a poorly graded mixture of cobble (3" to 10"), coarse sand and gravel, and silty sand.
The groutability of soil is related to the interconnection between adjacent pore spaces in the soil matrix, i.e., the soil The thermal conductivity of the soil is increased when grout permeates the soil. Comparisons of pre-and post-grout temperature decay curves can provide an indication of grout permeation. Table 3 exemplifies the empirically derived relationship between the two parameters.
Soil analyses in the vicinity of the grouting experiment show that the hydraulic conductivity of shallow unconsolidated alluvial formations at SNL range from 10" 3 to 10" 6 cm/s. Referring to Table 3 , the test soil should be groutable with difficulty using low viscosity grouts.
Phase I
The measured viscosities of the microfine cements (Table 4) injected during Phase I suggest that only the higher hydraulic conductivity soil strata should be groutable with the microfine cement grouts used.
Horizontal grout injection was strategically targeted for the 8 to 10 ft. higher permeability cobble zone identified during soil sampling. In an actual subsurface grout barrier emplacement it would be preferable to inject grout in a high permeability layer located between less permeable layers.
Theoretical predictions of the grout penetration radius (PR) can be made prior to grout injection using the principles of Darcy's Law. The PR can be estimated assuming two-dimensional radial flow:
or assuming three-dimensional uniform spherical flow: 
but because of the anisotropic nature of the test site formation and the unpredictable nature of grout set times, accurate calculations of the PR are not practical. Instead the PR should be empirically derived. On large scale grouting projects, grout contractors conduct small scale field testing to determine design parameters and associated costs for the full scale project. Table 5 shows probable estimates of PRs for various soil types. Based on the empirically derived literature, a PR of approximately one to two meters was expected because of the high content of silty sand. Excavation and exposure of the test site revealed grout flow primarily in the horizontal plane as expected. This can be attributed primarily to the variation of porosity vertically through the soil strata, i.e., a "loose" layer bounded by "tight" layers. The grout followed the path of least resistance. Figure 9 shows a profile and plan view of the observed grout permeation in horizontal Borehole 1. Borehole 2 was also excavated, but the results were less impressive. It was not clearly evident where the grout flowed. The borehole 1 horizontal sleeve pipe was approximately eight feet deep, while the borehole 2 sleeve pipe was about 12' deep. The excavation unit used had a depth limitation of 12'; therefore, final exposure of the borehole 2 sleeve pipe was accomplished by hand digging. The grout was not continuous and only large chunks of grouted soil were found in tact. It is possible however, that the grout mass was damaged during excavation with the backhoe because grout was not seen during excavation until the backhoe had already contacted the sleeve pipe.
The PR is primarily a function of the formation characteristics, grout viscosity, and injection pressure. During this experiment the grout viscosity and injection pressure were held relatively constant; therefore, the variation in the soil matrix properties was the primary contributor to the non-uniform grout flow seen in Figure 9 .
Excavation also revealed variation areally in the soil within the targeted strata. The grout permeated the soil matrix in the coarse sand/gravel, but simply displaced the soil in the more fine sand/silty soil. Heterogeneity in the subsurface geology is the primary difficulty in predicting grout flow patterns in the subsurface.
The non-uniformity in the grout permeation may have to a lesser degree also been the result of preferential grout flow along the sleeve pipe annulus. Table 6 shows the measured pressure and volume for each stage during grouting of borehole 1. The irregular volumes injected per stage coincide with the presumption that preferential flow occurred; unfortunately, the volume fluctuations do not correspond with the grout location shown in Figure 9 .
Samples were cored from the exposed grout masses. Brookhaven National Laboratory characterized the samples; the results are shown in Table 7 . The permeability of the samples was measured using the Tricon permeameter. The Tricon permeameter gives uniaxial flow and permits application of confining pressure. The hydraulic conductivity (permeability coefficient) was calculated assuming Darcy's Law for flow through porous materials. Although there are not yet specific regulations for barriers placed (Table 7 ) met the EPA guidance criteria.
Verification
Crosswell seismic tomography, a technology expanding its application beyond the petroleum and mining industry into the environmental arena, was used to map grout beneath the surface during Phase I testing. Crosswell seismic tomography is a nonintrusive geophysical technique that measures anomalies in the subsurface corresponding to changes in the velocity of seismic wave signals. The introduction of a grout material in the soil matrix changes the porosity, fluid content, mineralogy and stiffness of the soil matrix; which consequently creates a seismic velocity change in this region. In this experiment, a seismic survey was conducted before and after grout injection for comparison. The grout invaded soils were visible in crosswell seismic velocity difference tomograms generated from the before and after surveys. Figure 10 exhibits the tomograms for boreholes 1 and 2.
The velocity difference tomograms shown in Figure 10 are scaled horizontally and vertically in feet. Note there is some vertical exaggeration (25%). The diagrams exhibit a sliced cross section between the well casings that is perpendicular to the horizontal borehole sleeve pipes. HI and H2 are slices through boreholes 1 and 2 respectively.
The west tomogram (BH-7 to BH-2) clearly indicates a velocity difference from the before and after surveys near the center of the tomogram where grout was injected from borehole 1 (HI). The seismic P wave velocity increased by up to 2 0% at the HI location. The exposure and observation of borehole 1 (Figure 9 ) is consistent with the west tomogram. However, it is interesting to note that portion of the grout mass with dimensions corresponding to Figure 10 was located several feet north of the imaging plane (the two-dimensional slice shown in Figure 10 ).
The east tomogram indicates no anomalous velocity near H2. This is also consistent with the difficulty finding continuous grout during excavation. However, adjacent to BH-2 there apparently was sufficient grout invasion from VI (Figure 2 ), a vertical hole used to inject excess grout at the end of the experiment. The excess grout was injected at a depth of 13 feet, consequently to deep for excavation. It appears that grout invasion from VI caused a significant seismic anomaly between BH-6 and BH-2 at a depth of 13.5 to 15 feet. • -12 -12 m 12 -16 m 16 -20 Since the large grout mass in borehole 1 and the excess grout injected in VI were outside the tomographic imaging plane, it is likely that the anomalies are caused by grouted soil outside the imaging planes. This can occur where the higher velocity of an out-of-plane feature is sufficient to compensate the longer transmission path of out-of-plane rays.
Phase II
Phase II investigated the penetration and permeability-reduction characteristics of montan-wax and sodium silicate in varying soil conditions. Grout was injected in the vertical tube-a'-manchette sleeve pipe at one foot stages to isolate the permeation characteristics over the range of soil conditions present. (Golder, 1994) .
Verification
Several geophysical techniques were employed before, during, and after grout injection to target grout zones and map grout intrusion. Preliminary surveys using ground penetrating radar (GPR) indicated the method was of limited value due to interference from the near surface caliche layer; therefore, this method was not used in the study.
Electromagnetic induction, and neutron probe logging were used before, during and after grout injection. Both techniques identified soil stratification that coincided with the soil sample borehole logs. Each technique also detected the arrival and location of grout. Borehole temperature logs were run before and after grouting. Measurements were not performed during grouting because of the time required to perform a measurement. The results were reasonably consistent with the other data.
Although the geophysical logs showed promise for identifying grout in the subsurface, an actual comparison of the geophysical data and permeability tests on soil samples was not done because the soil samples were disturbed during collection. Because permeability testing on disturbed soil samples is unreliable, a manual inspection of the samples was performed. Both grouts were difficult to identify under manual inspection of soil samples.
CONCLUSIONS
From the results of the field scale permeation grouting study, the following conclusions can be made:
(1) Permeation grouting is a promising method for emplacing subsurface low permeability barriers in the unconsolidated, semi-arid vadose zone soils common to the Southwest.
(2) One of the primary advantages of permeation grouting using the tube-a'-manchette method is that the injection piping is permanent. After the initial grout injection, subsequent injections can be performed to add more grout or completely different grout materials. This allows for revitalizing degrading barriers or enhancing chemical resistance of the barrier.
(3) Permeation grouting is well suited for relatively homogeneous soil. On the contrary, permeation grouting in heterogenous soil causes preferential flow of grout which is difficult to control and the results are unpredictable.
(4) Permeation grouting is appropriate for emplacing a barrier beneath an existing waste site if a relatively homogeneous, sufficiently high permeability soil layer exists beneath the site.
(5) The microfine cements, montan wax, and sodium silicate grouts tested can be injected into unconsolidated soils having a minimum hydraulic conductivity of 1 x 10"
RECOMMENDATIONS FOR FUTURE WORK
(1) Grout in multiple boreholes placed close enough together for the grout to permeate the entire space between and around neighboring boreholes in order to form a continuous grout layer.
(2) Evaluation of barrier integrity by measuring its transmissibility to a flowing fluid across its entire area.
(3) Excavate the barrier and evaluate the joints visually and by coring samples for laboratory testing. SHB AGRA, Inc.
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